Two experiments were conducted to evaluate the prevalence and severity of white striping (WS) and wooden breast (WB) in breast fillets from broilers fed diets with increasing digestible Lysine (dLys) from 12 to 28 d (Exp. 1) and from 28 to 42 d (Exp. 2). Trials were sequentially conducted using one-d-old male, slow-feathering Cobb 500 × Cobb broilers, both with 6 treatments and 8 replicates. Increasing dLys levels were equally spaced from 0.77 to 1.17% in Exp. 1 and from 0.68 to 1.07% in Exp. 2. The lowest dLys diet was not supplemented with L-Lysine (L-Lys) in either one of the studies and all other essential amino acid (AA) met or exceeded current commercial recommendations such that their dietary concentrations did not limit broiler growth. Four birds per pen were randomly selected from each replication and processed at 35 and 42 d in Exp. 1 and Exp. 2, respectively. Deboned breast fillets (Pectoralis major) were submitted to a 3 subject panel evaluation to detect the presence of WS and WB, as well as to provide scores of WS (0-normal, 1-moderate, 2-severe) and WB (0-normal, 1-moderate light, 2-moderate, 3-severe). Increasing the level of dLys had a positive effect on BW, carcass, and breast weight, as well as breast yield. White striping and WB prevalences were 32.3 and 85.9% in Exp. 1 and 87.1 and 89.2% in Exp. 2. Birds fed diets not supplemented with L-Lys had the lowest average WS and WB scores (0.22 and 0.78 in Exp. 1 and 0.61 and 0.68 in Exp. 2). White striping and WB presented linear responses to performance variables in Exp. 1, whereas quadratic responses were observed for all variables in Exp. 2. In conclusion, increasing the level of dLys improved growth performance and carcass traits as well as induced the occurrence and severity of WS and WB lesions.
INTRODUCTION
Constant increases in the world demand for white meat have been spurring the broiler industry towards practices that increase its production. Breast meat as a proportion of total chicken meat has been significantly increasing mainly due to improvements in genetic selection, but also due to advances in health, farm management practices, and nutrition (Havenstein et al., 2003a,b; Zuidhof et al., 2014) .
As the most valuable cut from broiler chickens, breast meat must meet high quality market presentation standards. Therefore, it is of great importance to breeding companies, as well as to broiler producers, that breast muscle growth is such that the white meat quality delivered from it is not compromised. Recent reports of increased cases of breast muscle myopathies have brought concerns to the broiler meat industry because affected C 2016 Poultry Science Association Inc. Received February 18, 2016 . Accepted July 28, 2016 Corresponding author: slvieira@ufrgs.br carcasses can be downgraded or less frequently condemned, leading to economic losses (Bailey et al., 2015) . This is the case with white striping (WS) and wooden breast (WB) conditions, which appear to affect only the Pectoralis major as opposed to the deep breast myopathy (also known as green muscle disease) (Bailey et al., 2015) which only affects the Pectoralis minor.
White striping is characterized by white striations appearing in parallel to the direction of muscle fibers in broiler breast fillets (Kuttappan et al., 2013b) . While breast meat that is visibly affected by WS contains slightly higher levels of fat and may be visually unappealing to the consumer, there are no known health or safety concerns associated with consuming breast meat with WS. Furthermore, recent research shows that WS is not related to any specific commercial broiler strains (Kuttappan et al., 2012a,b; Kuttappan et al., 2013a,b; Petracci et al., 2013; Ferreira et al., 2014; Sihvo et al., 2014; Mudalal et al., 2015) . Histologic reports of WS demonstrated alterations with loss of cross striations between muscle fibers, variability in muscle fiber size, floccular/vacuolar degeneration and lysis of fibers, mild mineralization, mononuclear cell infiltration, lipidosis, 501 interstitial inflammation, and fibrosis (Kuttappan et al., 2013b; Ferreira et al., 2014) . The etiology of WS is unknown, however broilers with higher growth rate and heavier breast weight have greater incidence of WS (Kuttappan et al., 2012a; Ferreira et al., 2014) .
Wooden breast is characterized by variable degrees of hardness in the Pectoralis major showing bulging and pale expansive areas (Sihvo et al., 2014) . Wooden breast is characterized by concurrent polyphasic myodegeneration and regeneration, which leads to a variable amount of interstitial connective tissue accumulation and fibrosis (Sihvo et al., 2014) . Lesions are seen as early as at 3 wk-of-age and can affect a high proportion of birds in a flock (Mutryn et al., 2015) . Depending on the severity of the condition, WB may have surface hemorrhaging and produce a sterile, gelatinous exudate between the breast surface and the skin. So far, WS and WB are thought to be distinct myopathies since they are found independently of each other; however, they can be observed together (Bailey et al., 2015) .
Increased growth rate as well as breast meat yields resulting from genetic selection have been suggested as leading causes for the increased presence of WS and WB in broiler chickens (Petracci and Cavani, 2012; Kuttappan et al., 2012a; Sihvo et al., 2014) ; however, the analysis of data from two broiler lines that differed in terms of selection for breast yield showed that there is also a strong non-genetic component for all the breast muscle myopathy traits (Bailey et al., 2015) .
Post hatching muscle growth is mostly related to muscle cell hypertrophy instead of muscle hyperplasia (Sklan and Noy, 2003) . Hypertrophy is attained by increasing cell diameter instead of length. Therefore, broilers with greater breast proportions have increased muscle cell diameters (Zheng et al., 2009 ). However, the full expression of the genetic potential for growth and meat yields of the modern broiler can only be fulfilled by adequate nutrition. The implication of dietary Lys on broiler muscle cell hypertrophy has been well established (Tesseraud et al., 1996; Eits et al., 2003; Sklan and Noy, 2003) . Breast muscles are particularly sensitive to dietary concentration of Lys since it is its main essential amino acid (AA) representing approximately 7% of the total protein content (Munks et al., 1945) . Concentration of Lys in feed affects growth, but also carcass yield. Therefore, broilers fed diets with increased Lys have thicker myofibers regardless of genetics (Holsheimer and Veerkamp, 1992; Roy et al., 2006; Sakomura et al., 2015) . By itself, Lys can modulate breast growth due to a higher synthesis to degradation ratio (Urdaneta-Rincon and Leeson, 2004; Mehri et al., 2012) .
Usual determination of AA requirements target the optimization of growth rate, FCR, and breast meat yields; however, AA concentrations that optimize breast meat yields have shown to be higher than for the other responses (Moran and Bilgili, 1990 ; Holsheimer and Veerkamp, 1992; Huyghebaert et al., 1994; Schutte and Pack, 1995) . Because dietary Lys is such an important factor for breast muscle growth, it is possible that its concentration in feed is capable of triggering, or at least modulating, the appearance of breast muscle myopathies. The objective of this study was to evaluate the prevalence of WB and WS in broilers fed grower or finisher diets with increasing digestible Lysine (dLys) levels.
MATERIALS AND METHODS

Bird Husbandry
All procedures throughout the current study were approved by the Ethics and Research Committee of Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.
Two experiments (Exp.) were conducted using 1,200 one-d-old male, slow-feathering Cobb 500 x Cobb broilers. Chicks were vaccinated for Marek's and infectious bursal diseases at the hatchery and then randomly distributed into 48 pens of 1.65 × 1.65 m (9.2 birds/m 2 , 25 birds per pen). The pens were bedded with rice hulls, one 15 kg capacity tube feeder, and 3 nipple drinkers. Mash feeds and water were available for ad libitum consumption. Mortality was recorded daily. Initial temperature was set to 32
• C being reduced by 1 • C every two days until 22
• C. A continuous lighting schedule was used until 7 d-of-age, whereas a 20L:4D cycle with constant intensity was used thereafter.
Experimental Diets
Dietary treatments in Exp. 1 were provided from 12 to 28 d-of-age and in Exp. 2 from 28 to 42 d-of-age (Tables 1 and 2 ). Diets in both experiments were based on corn, soybean meal, and corn gluten meal (Rostagno et al., 2011) . Basal diets were formulated without supplemental L-Lysine (L-Lys) (0.77% dLys in Exp. 1 and 0.68% of dLys in Exp. 2, respectively), but contained all other essential AA that meet or exceed commercial recommendations to ensure dietary adequacy such that responses were only limited by dLys. Treatments were structured with the addition of increasing levels of dLys in 0.08% increments from 0.77 to 1.17% in Exp. 1 and from 0.68 to 1.07% in Exp. 2 by adding L-Lysine HCl at the expense of an inert filler (kaolin). Standard corn-SBM-based broiler diets were provided to all treatments in the periods before (starter diet from 1 to 12 d-of-age) and after (finisher diet from 28 to 35 d-of-age) experimental phases of Exp. 1 and before (starter diet from 1 to 12 d-of-age; grower from 12 to 28 d-of-age) the experimental phase of Exp. 2 (Table 3) .
Broiler Performance Measurements
Birds and feeds were weighed 1, 12, 28, and 35 days in Exp. 1, and 1, 12, 28, and 42 days in Exp 2. Four birds per pen were randomly selected from each pen , 2 mg; thiamine, 2 mg; riboflavin, 6 mg; pyridoxine, 2.5 mg; cyanocobalamine, 0.012 mg, panthothenic acid, 15 mg; niacin, 35 mg; folic acid, 1 mg; biotin, 0.08 mg; iron, 40 mg; zinc, 80 mg; manganese, 80 mg; copper, 10 mg; iodine, 0.7 mg; selenium, 0.3 mg; phytase, 100 mg, monensin sodium, 100 mg.
3 Values between parenthesis are analyzed; d = digestible.
at 35 and 42 d-of-age, respectively in Exp. 1 and 2.
Birds were fasted for 6 h, individually weighed before electrical stunning (45 V for 3 s), bled for 3 min after carotid and jugular veins cut, scalded at 60 • C for 45 s, and mechanically defeathered. Carcasses were manually eviscerated and then statically chilled in slush ice for 3 h before processing. Breast fillets were manually deboned from the carcasses. White striping and WB evaluations were immediately performed on boneless skinless breasts. Carcass yield was expressed as a percentage of live weight and breast yield was expressed as a percentage of the eviscerated carcass weight.
White Striping and Wooden Breast Scores
Occurrence and severity of WS and WB were assessed by a 3 subject panel evaluation. First, deboned fillets were visually separated into groups by the presence or absence of WS and WB. Breast fillets presenting WS were classified and scored according to Kuttappan et al. (2013b) as: normal (score 0) without any distinct white lines; moderate (score 1) presenting white lines in parallel to muscle fibers and that were <1 mm thick; and severe (score 2) exhibiting white lines in parallel to muscle fibers and that were >1 mm thick. Breast fillets presenting WB were classified as: normal (score 0) without any hardness or paleness areas; moderate light (score 1) mildly affected in cranial and/or caudal areas; moderate severe (score 2) moderately affected throughout the fillets; and severe (score 3) with surface hemorrhaging and the presence of sterile exudate on the muscle surface.
Statistical Analysis
The study was conducted in a completely randomized design. Data were tested for normality prior to analysis and values that were not normal were square root transformed to maintain a normal distribution of residuals. Live performance data were submitted to ANOVA using GLM procedures of SAS (SAS Institute, 2009 ) and, when significant, means were compared by Tukey test at 5%. Scores of WS and WB were analyzed using the non-parametric Kruskal-Wallis test (PROC NPAR1WAY), and means were separated using the Bonferroni test (P < 0.05). Linear and quadratic polynomial regressions were estimated (PROC REG) for WS and WB using dLys, BW, carcass, and breast fillet weight as well as yield as independent variables.
RESULTS
Growth Performance and Processing Data
Growth performance and broiler processing data from Exp. 1 and 2 are presented in Table 4 . Increasing dietary dLys levels positively affected (P < 0.01) BW gain and carcass weight in Exp. 1 and 2. Birds fed diets without Lys supplementation had the lowest BW and carcass weight. Body weight, carcass weight, and breast yield increased quadratically (P < 0.01) when broilers were fed diets with increasing levels of dLys. In Exp. 1 maximum responses at 35 d for BW, carcass weight, and breast weight were obtained using 1.08%, 1.07%, and 1.07% of dLys, respectively. In Exp. 2, maximum responses at 42 d for BW gain, carcass weight, and breast weight of broilers were obtained using 0.99%, 0.98%, and 0.98% of dLys, respectively. Quadratic increases (P < 0.01) were observed for breast meat yields at 35 and 42 d, with maximum quadratic responses obtained with 1.08% and 1.01% dLys, respectively.
White Striping and Wooden Breast Occurrence and Severity
Occurrence of WS and WB is shown in Figure 1 . In Exp. 1, WS occurrence ranged from 18.8 to 56.3% among treatments, averaging 32.3%. Score 1 occurrence increased when broilers were fed diets with 1.01% dLys and then moderately decreased, whereas score 2 tended to linearly increase as the level of dLys increased in Exp. 1 and 2. White striping occurrence in Exp. 2 ranged from 58.1 to 100%, averaging 87.1% of the fillets having scores 1 and 2. Score 1 was consistent among increasing levels of dLys, except at 0.92% dLys, where the lowest value was observed. Furthermore, a WS score of 2 increased when broilers were fed diets with 0.92% dLys and then the score tended to decrease (Figure 1) .
The occurrence of WB in Exp. 1 ranged from 65.6 to 100% among treatments, averaging 85.9% (Figure 1) . Score 1 had a consistent occurrence throughout all dLys levels, whereas scores 2 and 3 tended to increase. Wooden breast occurrence in Exp. 2 ranged from 51.6 to 100% among treatments, averaging 89.2%. Score 1 occurrence of WB was fairly constant among dLys levels, except when 0.76 and 0.92% dLys were tested; these levels of dLys had the highest and lowest occurrences, respectively. Score 2 was prone to increase as the level of dLys increased, whereas score 3 increased as dLys increase to 0.92% and then gradually decreased as the level of dLys approached 1.08%.
The average WS and WB scores in broilers evaluated at 35 and 42 d are shown in Figures 2 and 3 . The severity of WS and WB was lower (P < 0.01) when broilers were fed diet without supplemental L-Lysine HCl. Compared to broilers fed diets with 1.01% dLys in Exp. 1. In Exp. 2, means of WS and WB scores were higher (P < 0.01) in all dLys levels compared to the basal diet with 0.68% of dLys.
Regression Analysis of White Striping and Wooden Breast Scores
White striping and WB scores had a positive relationship with dLys levels and performance variables in the grower and finisher phases (Table 5) . A linear response (P < 0.001) of WS and WB scores was observed in BW, breast weight, and breast yield of broilers at 35 d in Exp. 1. One exception was the relationship between WB and dLys, which was quadratic and the score was estimated to be the highest at 1.10% dLys. In Exp. 2, WS had quadratic responses (P < 0.001) for dLys (0.96%), BW (3,400 g), breast weight (842 g), and breast yield (30.1%). A quadratic response (P < 0.001) of WB score was also observed for dLys (0.98%), BW (2,598 g), breast weight (884 g), and breast yield (32.1%).
DISCUSSION
The best responses for broiler BW in Exp. 1 and 2 were estimated at 1.08% and 0.99% of dLys, respectively. Estimations obtained in the present study are in agreement with those presented by Dozier et al. (2009 Dozier et al. ( , 2010 for BW gain, which were 1.07% dLys from 14 to 28 d and 0.99% dLys from 28 to 42 d. Values are higher than those observed with birds used in research from previous decades, which is likely related to less feed intake per unit of BW and a higher rate of meat accretion by the modern broiler (Havenstein et al., 2003a; b) . However, the objective of this study was not to reassess dLys requirements, but to evaluate the effect of increasing the dietary level of dLys on WS and WB occurrence and severity.
Lysine is well known as an important amino acid for broiler growth performance and proper muscle development. It has been reported to increase carcass yield and alter its composition by increasing meat yield and reducing carcass fat (Leclercq, 1998; Sterling et al., 2006) . Dietary lysine plays an important role in breast muscle protein turnover by modulating protein synthesis and 
where Y is the dependent variable, X is the dietary level of dLys, β1 is the intercept, β2 and β3 are the linear and quadratic coefficients, respectively; maximum response were obtained by calculating:
breakdown rates (Tesseraud et al., 2001; UrdanetaRincon and Leeson, 2004) . Furthermore, Lys deficiency results in reduced protein synthesis, especially in the Pectoralis major, which is more sensitive to Lys than wings and thigh muscles (Tesseraud et al., 1996) . Conversely to leg muscles, breast muscles are a direct product of genetic selection, have minor functional purpose (McDonald and Swick, 1981) , and represent a considerable protein store during periods of nutrient deficiency (Tesseraud et al., 1996) .
In this study, the mean occurrence of WS was 31.3% in Exp. 1 and 89.0% in Exp. 2 (Figure 1 ). Findings are in agreement with Russo et al. (2015) , who observed 82.5% occurrence of WS in 55 d-of-age broilers with 3.6 kg mean BW and with Kuttappan et al. (2012a) , who reported WS prevalence of 74.6% in birds with 3.0 kg average BW. Conversely, Petracci et al. (2013) reported WS occurrence as low as 12% in broiler chickens from 45 to 54 d of age reared under commercial conditions with average live weight of 2.75 kg. These differences may be influenced by BW (Kuttappan et al., 2012a; Kuttappan et al., 2013a; Petracci et al., 2013) , as well as growth rate (Kuttappan et al., 2012a) and strain (Kuttappan et al., 2013a) . Kuttappan et al. (2013b) reported that WS is associated with increased occurrence of muscle damage, which may be a result of muscles outgrowing their physiological support systems (i.e., vascular system, O 2 carrying capacity, nutrient-metabolite exchange) (Wilson et al., 1990) . Reduced capillary density in heavier birds with higher percentage of breast meat could result in decreased supply of nutrients and oxygen and slower removal of lactic acid from breast muscle, which ultimately may lead to muscle damage (Hoving-Bolink et al., 2000) .
Birds slaughtered with higher BW had higher severity of WS and WB lesions. The difference in the severity of myopathies between Exp. 1 and 2 could be explained by the different BW of broilers in both experiments (2.23 vs. 3.38 kg) . In the present study, average scores of WS occurrence in broilers with 2.4 kg and 3.5 kg were 0.62 and 1.67, respectively. These results are in agreement with findings by Russo et al. (2015) , who compared WS score in medium (2.59 kg) and heavy (3.64 kg) broilers and observed 0.84 and 1.09 average scores, respectively. Occurrences of severe WS score was 9.4% in Exp. 1 and 40.9% in Exp. 2, which is considerably higher than reported by Kuttappan et al. (2012a) , Kuttappan et al. (2013a) , Petracci et al. (2013 ), Ferreira et al. (2014 , who observed severe score prevalence of 8.7%, 8.3%, 3.1%, and 2.5%, respectively. In both trials, increasing level of dLys increased the occurrence and severity of WS lesions, possibly because the higher levels of dLys maximized the genetic potential of the broiler, but overwhelmed the support systems that allow for normal tissue turnover.
Wooden breast occurrence was similar in both experiments (85.9 and 89.2% in Exp. 1 and 2, respectively). According to Mutryn et al. (2015) 1 White striping scores were evaluated according to Kuttappan et al. (2013b) as: 0 (normal, without white lines in parallel to muscle fibers), 1 (moderate, with white lines <1 mm thick, and 2 (severe, with white lines >1 mm thick).
2 Wooden breast scores were: 0 (normal, without any hardness or paleness areas), 1 (moderate light, mildly affected at the cranial and/or caudal areas), 2 (moderate severe, affected throughout the fillet), and 3 (severe, with surface hemorrhaging and exudate on the surface). 1 . a-c Means followed by different letters in the same experiment differ using the Bonferroni test (P ≤ 0.05), SEM for Exp. 1 and 2 were 0.057 and 0.07, respectively.
1 White striping score means in breast fillets from broilers fed increasing dLys from 12 to 28 d and processed at 35 d, and from 28 to 42 d and processed at 42 d. observed 12.2% average WB occurrence in broilers; however, 97% of breasts submitted to histological analysis presented damaged muscle fibers, which have been attributed to WB (Sihvo et al. 2014; Soglia et al., 2015) .
Wooden breast severity was remarkably different between both experiments conducted. In Exp. 1, average occurrence of severe score was 8.9% and in Exp. 2, 34.4%. Moreover, a higher occurrence of low scores was observed in Exp. 1 than in Exp. 2 (52.1% vs. 30.1%). It is important to note that this score can easily be interpreted as normal breast in commercial slaughterhouses. Furthermore, WB mean score was 1.29 in where Y is the square root of the score, X is the independent variable, β1 is the intercept, β2 and is the linear coefficients; quadratic polynomial: Y = β3 × X 2 + β2 × X + β1; where Y is the square root of the score, X is the independent variable, β1 is the intercept, β2 and β3 are the linear and quadratic coefficients, respectively; maximum response obtained by calculating: -β2 ÷ (2 × β3).
2 Broilers processed at 35 d. 3 Broilers processed at 42 d.
Exp. 1 and 1.83 in Exp. 2. Based on these observations, the pronounced contrast in WB occurrence and severity between experiments seems to be related to BW and growth rate, similarly to WS. Trocino et al. (2015) observed that the occurrence of WB was doubled in males with 3.49 kg average BW compared with females with 2.85 kg average BW. There is evidence of gene expression of intracellular calcium, possible fibertype switching, hypoxia, and oxidative stress in lesions related to the WB disease (Mutryn et al., 2015) . Both myopathies have been reported to have low heritabilities and a marked non-genetic component (Bailey et al., 2015) , which indicates the major role played by environmental, management, and nutritional factors in their incidence.
In conclusion, increasing dLys levels resulted in improved broiler performance to a maximum; however, birds with higher BW also presented higher proportions of myopathies, which were of an increased severity. These results are in agreement with other studies, demonstrating the influence of growth rate and slaughter weight in WS and WB (Kuttappan et al., 2012a; Kuttappan et al., 2013a; Petracci et al., 2013; Trocino et al., 2015) . Since BW and growth rate are direct results of increasing dLys levels, myopathies do not seem to be associated with lysine itself but with gains in performance.
